Abstract : This paper propose a method to enlarge the measurement range for Brillouin optical correlation domain analysis (BOCDA) system simplified with time-division pump-probe generation scheme. In this system, the pump and the probe lightwaves, which are modulated in frequency with a sinusoidal waveform to localize the stimulated Brillouin scattering (SBS) periodically, are additionally gated temporally to select only one localized position. We successfully measured distribution of fiber Brillouin gain spectrum over 250 m measurement range with 8 cm spatial resolution. We also propose an optimization of the time-gating scheme by applying separate time gates for the pump and the probe waves and introducing unbalanced Mach-Zehnder delay line, by which the performance was enhanced to 7 cm spatial resolution and 1 km measurement range.
Introduction
Optical fiber sensors based on Brillouin scattering are attractive due to their sensitivity of strain or temperature, and various schemes for distributed sensing have been developed. In a conventional Brillouin-based sensor, a pulsed lightwave is used to enable distributed measurement [1] - [4] . These schemes have spatial resolution limitation around 1 m and the measurement speed limitation of several minutes, although some improvements have been reported in recent works [5] . As another approach, we have developed Brillouin optical correlation domain analysis (BOCDA) [6] and demonstrated the spatial resolution of 2 mm [7] , and the measurement speed of 1 kHz [8] .
In order to measure the Brillouin gain spectrum (BGS) in the BOCDA system, it is necessary to generate pump and probe lightwaves separated in frequency by about the Brillouin frequency shift, 10-11 GHz. A conventional way, in which sidebands are generated by an intensity modulation of a lightwave by an electro-optic modulator (EOM), has a demerit of requiring high cost devices. To overcome this, we have proposed [9] and completed [10] a simplified BOCDA system using timedivision pump-probe generation scheme by direct FM modulation of a distributed feed back laser diode (DFB-LD).
While the BOCDA distributed strain measurement system has advantage in the spatial resolution and the measurement speed, measurement range is restricted around 10 m because of the periodic location of the generated correlation peaks. In this paper, we propose a new way to enlarge the measurement range of the simplified BOCDA system. In the first experiment, we use and modify a temporal gating scheme [11] to select only one correlation peak. We demonstrate experimental results of BGS distribution measurement over a measurement range of 250 m with a spatial resolution of 8 cm. Next, we introduce separate time gates for the pump and the probe waves with a unbalanced Mach-Zehnder (UMZ) delay line for the suppression of noise. In this optimized setup, the performance is improved to 7 cm spatial resolution and 1 km measurement range. Figure 1 shows the proposed BOCDA system with enlargement of the measurement range. In the BOCDA system, the pump and probe lightwaves are frequency-modulated in a sinusoidal waveform. At the correlation peak positions between pump and probe lightwaves, the frequency difference between these does not fluctuate and the measured BGS has a well sharpened peak ( Fig. 2(a) ). On the contrary, at non-correlation positions, the frequency difference swings and the measured BGS is flattened (Fig. 2(b) ). Therefore, we can selectively obtain the Brillouin frequency shift at the correlation peak position [6] , [7] .
Operation Principle
In the simplified BOCDA system [10] , we modulate the laser diode (LD) emission frequency by a waveform of the summation of rectangular and sinusoidal waveforms as shown in Fig. 1 . The probe lightwave is delayed by 50 μsec, so the probe counter-propagates the pump at the sensing region. The pump lightwave is gated at EOM2 (electro-optic modulator) and chopped at 5 kHz to be detected by the lock-in amplifier. The gained probe lightwave is detected by a photo diode (PD) and accumulated by computer. The modulation circuit and the LD have non-ideal transfer function, so we have developed a way to compensate the input current waveform in advance as schematically shown in Fig. 3 [10]. To select only one correlation peak, we have proposed a method using a pulsed lightwave as temporal gating for the basic BOCDA system [11] . Figure 4 shows the schematic illustration of the temporal gating modified for the simplified BOCDA. In this technique, the frequency modulated lightwave is gated by the EOM1 as shown in Figs. 1 and 4 . The width of the gate is equal to one period of the sinusoidal modulation in order to select one correlation peak. The pump and probe lightwaves are gated by several pulses to improve S/N. The gated pump and probe cross with each other by the interval of Δz = v g Δt/2, where Δt is the interval of the gating pulses. The measurement range of the proposed system is given by Δz, which is longer than d m . If the delay time t 1 and the phase of the sinusoidal waveform change synchronously, the sensing position can be shifted. Then we can measure the distribution.
Experiment -1
At first, we measured the distribution of the BGS by basic simplified BOCDA system [10] . The fiber under test (FUT) is prepared by splicing a 3 m single-mode fiber (SMF), a 0.2 m dispersion-shifted fiber (DSF) and 3 m SMF. On the condition that the modulation frequency is lower than Brillouin linewidth (∼ 30 MHz), the spatial resolution of BOCDA is defined as [6] ,
where Δf m is the FM deviation, and Δν B is BGS width. The parameters in this measurement are as follows: the modulation frequency f m = 10 MHz, the FM deviation Δf m = 1 GHz, and the spatial resolution estimated by (1) is 8 cm. Figure 5 (a) shows the experimental result of the BGS distribution measurement. The BGS of the DSF between the SMF's are clearly recognized. Figure 5(b) shows the distribution of the Brillouin frequency shift. We have successfully detected the position of the 20 cm DSF. In this measurement, the interval of the correlation peak is 10 m, so the measurement range is limited within 10 m.
We demonstrate the BOCDA distributed strain sensing system using the temporal gating scheme in order to enlarge the measurement range. The FM modulation parameter is the same as the former measurement, so the estimated spacial resolution is 8 cm. The gate width is 20 m, which is equal to one period of the sinusoidal modulation. The gate interval t 1 in Fig. 4 is 2.5 μsec in the experiment. Therefore, the measurement range of this system Δz is 250 m, which is 25 times longer than the ordinary BOCDA measurement. Figure 6 (a) shows the experimental result of the BGS distribution measurement. The FUT is prepared by splicing a 100 m SMF, a 1 m DSF and a 100 m SMF. The periodic correlation peaks do not affect this measurement result, so we have successfully measured the distribution of the BGS with the measurement range of 250 m. Figure 6(b) shows the detailed data around the point splicing between the SMF's and the DSF. The BGS of the DSF is clearly recognized. Figure 6 (c) shows the distribution of the Brillouin frequency shift around the splicing point. This result shows that the 1 m DSF is clearly detected. The power of the measured BGS has fluctuated, because the stimulated Brillouin scattering depends on the polarization state of the pump and the probe lightwaves. However, it is not difficult to avoid this effect, by using a polarization diversity scheme [12] .
Experiment -2
As the second experiment, we optimized the time-gating scheme for the simplified BOCDA system by applying separate time-gates for each of the pump and the probe waves and introducing unbalanced Mach-Zehnder (UMZ) delay line. Background noise of the measured Brillouin gain spectrum is shown to be minimized by this implementation, and, as the result, distributed strain sensing with the measurement range more than 1 km with spatial resolution of 7 cm is successfully carried out. This is the first demonstration of the BOCDA system with the number of sensing points (range / resolution) more than 10,000.
The experimental setup is depicted in Fig. 7 , where the pump and the probe waves were generated by direct current modulation of a DFB laser diode in the same manner as shown in Fig. 4 . The pump-probe alternation frequency ( f L ) was 10 kHz, and Fig. 7 Experimental setup of simplified BOCDA system with optimized time-gating scheme: LD, laser diode; EOM, electro-optic modulator; EDFA, erbium-doped fiber amplifier; PSW, polarization switch; PD, photodiode; VOA, variable optical attenuator; UMZ, unbalanced Mach-Zehnder. Inset is the structure of the fiber under test (FUT) composed of three strain-applied sections in a 1,020 m single-mode fiber (SMF).
a sinusoidal frequency modulation was applied to both pump and probe waves at a frequency ( f m ) of 10 MHz and an amplitude (Δf ) of 1.4 GHz. The spatial resolution and the measurement range were calculated to be 7 cm and 10.3 m, respectively. Time-gates were applied to both pump and probe waves separately using EOM1 and EOM2 at the frequency of f L , and the operation was synchronized to the pump-probe alternation, so as to clearly separate the propagation of the two waves. A polarization diversity scheme was applied using a polarization switch (PSW) to suppress polarization-dependent gain fluctuation [12] . The width and the ratio of the time-gate were 100 ns and 100, respectively, which extended the measurement range up to 1,030 m. Since f L was also used as a lock-in frequency for data acquisition, large amount of DC offset and noise were observed in the measured Brillouin gain spectrum (BGS) due to the intensity modulation of the probe signal by the probe time-gate. Therefore, we additionally introduced an unbalanced Mach-Zehnder (UMZ) delay line (Δτ ∼ 50 μs) to remove the frequency component of f L from the probe wave. The effects of UMZ delay line are confirmed in Fig. 8(a)-(b) . The DC level in the measured BGS was suppressed to be less than 10% of initial figure, and the error of the BGS measurement was decreased from +/−3.4 MHz to +/−2 MHz at the measurement speed of 5 Hz.
We performed a distributed strain measurement along a 1,020 m fiber under test (depicted in inset of Fig. 7 ), in which a strain of ∼ 1% was applied to three 14 cm sections of a single-mode fiber. The measurement time was 6 second per one point. The measured ν B 's near the strain-applied sections (in 2 cm step) and along the whole FUT (in 5 m step) are depicted in Fig. 9 (a) and (b), respectively, where the strain-applied sections were clearly distinguishable over 1 km range with 7 cm spatial resolution. Figure 9 (c) shows a 3-D distribution of the measured BGS near one of the strain applied sections (around 513 m).
Conclusion
We have proposed a simplified BOCDA system with a temporal gating scheme for enlargement of the measurement range, and successfully avoided the influence of the periodical correlation peaks. In the experiments, we have demonstrated the distributed measurement of the BGS with measurement range of 250 m, which is 25 times longer than the conventional way, and the spatial resolution of 8 cm.
As the second experiment, we optimized the temporal gating scheme by introducing an unbalanced Mach-Zehnder delay line and separate time-gates for the pump and the probe waves. The background noise and the DC offset in the measured BGS could be effectively suppressed by the implementation, and the performance enhancement was confirmed by a successful measurement of strain distribution along 1 km test fiber with 7 cm spatial resolution. This is the first demonstration of the BOCDA system with the number of sensing point (range / resolution) more than 10,000 (∼ 14,700).
